Among antibody classes, IgE has a uniquely slow dissociation rate from, and high affinity for, its cell surface receptor FcεRI. We show the structural basis for these key determinants of the ability of IgE to mediate allergic hypersensitivity through the 3.4-Å-resolution crystal structure of human IgE-Fc (consisting of the Cε2, Cε3 and Cε4 domains) bound to the extracellular domains of the FcεRI a chain. Comparison with the structure of free IgE-Fc (reported here at a resolution of 1.9 Å) shows that the antibody, which has a compact, bent structure before receptor engagement, becomes even more acutely bent in the complex. Thermodynamic analysis indicates that the interaction is entropically driven, which explains how the noncontacting Cε2 domains, in place of the flexible hinge region of IgG antibodies, contribute together with the conformational changes to the unique binding properties of IgE.
a r t i c l e s
The global incidence of allergic disease has increased markedly in recent years and continues to rise. Asthma currently affects 22.2 million people in North America and 5.4 million in the UK, where the rate of incidence, especially in children, is among the highest in the world 1 . Anaphylactic reactions to foods such as nuts, virtually unknown 30 years ago, are now relatively common. The reason for this increase is debated, but these and other allergic conditions (rhinitis, eczema and so on) are all mediated by IgE, and the viability of targeting its interaction with FcεRI therapeutically has been demonstrated by the recent success of the anti-IgE monoclonal antibody omalizumab in treating severe asthma 2 .
IgE binds to FcεRI through its Fc region, and this tight binding (K a ≈ 10 10 M −1 ) sensitizes mast cells and basophils for immediate activation upon cross-linking by multivalent allergen 3 . The markedly slow dissociation rate (k off ≈ 10 −5 s −1 ) of this binding reaction, which is several orders of magnitude slower than that of IgG from any of its receptors 4 , contributes to the persistence of sensitization, and together with local IgE synthesis ensures that the receptors in tissue of allergic individuals are saturated with IgE 5 . The kinetics of IgE and IgE-Fc binding to FcεRI on cells, and to a soluble fragment comprising the two extracellular domains of the α chain, sFcεRIα, which are responsible for IgE-binding activity, have been studied extensively [6] [7] [8] [9] . Particular interest has centered on the role of the Cε2 domains, which contribute to the slow dissociation rate 10 , by comparing the binding kinetics of the complete IgE-Fc (dimeric Cε2, Cε3 and Cε4 domains) with a subfragment lacking the Cε2 domains, here referred to as Fcε3-4. The Cε2 domains have no counterpart in IgG, in which all four subclasses have in their place hinge regions of various lengths and degrees of flexibility.
Early fluorescence resonance energy transfer (FRET) studies of labeled chimeric IgE indicate a more compact and bent structure than the extended, flexible Y-shaped IgG 11 , and later solution scattering studies of IgE-Fc are consistent with such a structure 12 . The crystal structure of IgE-Fc showed for the first time the extent and nature of this bend 13 , which is made possible by the presence of the Cε2 domains. Notably, the molecule is so acutely and asymmetrically bent, with the Cε2 domain pair folded back across the Cε3 domains, that one Cε2 domain contacted the Cε4 domain of the other chain. The first view of the receptor interaction comes from the structure of a complex between sFcεRIα and an Fcε3-4 fragment lacking the Cε2 domains (ref. 14) . Both Cε3 domains are involved, with a distinct subsite on each domain, thus explaining the observed 1:1 stoichiometry despite the presence of two identical ε chains. However, when compared with the unliganded IgE-Fc structure containing the Cε2 domains, only one of these two Cε3 subsites is fully accessible, suggesting that conformational changes must occur, involving not only the Cε3 but also the Cε2 domains. We have thus proposed an opening up of the bent structure 13 and involvement of the Cε2 domains 10 upon receptor engagement.
The structure of the human IgE-Fc-sFcεRIα complex reported here, together with that of free IgE-Fc at higher resolution, reveals the conformational changes that occur in both IgE and receptor upon 5 7 2 VOLUME 18 NUMBER 5 MAY 2011 nature structural & molecular biology a r t i c l e s binding, and shows how the slow dissociation rate is achieved despite the notable lack of direct contact between the receptor and the Cε2 domains. Our thermodynamic analysis of the interaction indicates how the noncontacting Cε2 domains nevertheless contribute to the unique receptor-binding properties of IgE. Knowledge of these structures and their conformational changes also suggests ways in which small molecules might allosterically prevent high-affinity binding; inhibition of protein-protein interactions such as this have hitherto been considered intractable 15 .
RESULTS

Structure of IgE-Fc bound to sFc«RIa
We determined the crystal structure of the complete IgE-Fc bound to sFcεRIα at a resolution of 3.4 Å, and also extended the resolution of the free IgE-Fc structure to 1.9 Å (see Online Methods and Table 1) . Although crystallized under different conditions, the free IgE-Fc structure was essentially identical to that reported earlier at a resolution of 2.6 Å 13 ; however, features such as the carbohydrate and edge strands in the Cε2 domains (see below) were more clearly defined. The structure of the complex ( Fig. 1 and Supplementary Video 1) shows that the bound IgE molecule is oriented with its antigenbinding (Fab) arms pointing directly away from the cell membrane. Conformational changes occur in both the receptor and the Cε2 and Cε3 domains of IgE upon receptor engagement, but rather than 'unbending' , IgE-Fc becomes more compact and bent, with no direct contact between the Cε2 domains and receptor. This bend in the IgE molecule can be described in terms of the acute angle between the local two-fold axes of symmetry of the (Cε2) 2 and (Cε4) 2 domain pairs, which in free IgE-Fc is 62° but in the complex is 54°. Despite the more compact structure, the Cε3 domains move apart upon formation of the complex, allowing interaction at both subsites, designated 1 (in Cε3A) and 2 (in Cε3B) according to earlier nomenclature 13, 14 (Fig. 1a) . In free IgE-Fc, only subsite 2 (chain B) is fully accessible to receptor binding, and access to subsite 1 is achieved by rotation of Cε3A, which takes both Cε2 domains with it, relative to the Cε4 domain pair, and away from Cε3B. (Supplementary Fig. 1 and Supplementary Videos 2 and 3) .
This conformational change affects several interdomain interactions within IgE-Fc. The extent of contact between Cε2A and Cε3B is reduced substantially (from 23 van der Waals contacts in free IgE-Fc to only 3 in the complex), and contact between Cε2B and Cε4A is lost entirely upon receptor binding. Although the molecule becomes increasingly bent, Cε2B swings away from Cε4A, with the loss of two salt bridges (Glu270B-Lys497A and Lys302B-Glu472A) and associated hydrogen bonds. But as Cε2B and Cε4A move apart, Cε2B moves closer to Cε3B (Fig. 2) , forming two potential hydrogen bonds (Asp271 in Cε2B to the first and only ordered carbohydrate unit N-linked at Asn394 in Cε3B; Fig. 2b ) and van der Waals contacts (between Thr309 and Asn394, hidden behind Arg308 and the carbohydrate unit in Figure 2b ). These contacts prevent any further domain movement in this direction. This structural change, however, presents an opportunity for allosteric inhibition. Occupation of this cleft between Cε2B and Cε3B in free IgE (Fig. 2a) by a small molecule could prevent its closure, thereby blocking the conformational change, access to subsite 1 on Cε3A and consequently high-affinity receptor binding.
The relative orientation of the two extracellular domains of FcεRIα observed in the free state 16, 17 is unchanged upon formation of complex, but, as has been observed in the earlier Fcε3-4-sFcεRIα complex 14 , the loop and β-strand following the C strand in the α2 domain adopts a C′ conformation alongside the C strand, rather than forming a D strand adjacent to the E strand on the other face of the domain. Notably, a similar strand shift occurs in both Cε2 domains of the IgE-Fc upon binding (Supplementary Fig. 2 ).
IgE contains carbohydrate chains N-linked to Asn394 in each Cε3 domain, and these are high-mannose glycans, in contrast to the complex-type carbohydrate attached at the homologous location in the Cγ2 domains of IgG 18 . The first five units, (N-acetyl-glucosamine) 2 -(mannose) 3 ((GlcNAc) 2 -(Man) 3 ), are well defined on both chains in the 1.9-Å-resolution free IgE-Fc structure, but only the first GlcNAc a r t i c l e s unit is visible on each chain in the complex; the rest are disordered and mobile (Supplementary Fig. 3 ). The single ordered unit on Cε3B is contacted by residues of Cε2B after the conformational changes associated with receptor binding (Fig. 2b) , and this contact may affect the rest of the carbohydrate chain because in the Fcε3-4-sFcεRIα complex 14 (determined at a similar resolution), threeand six-carbohydrate units can be seen on the two Cε3 domains. No Cε2 contact exists in the Fcε3-4 complex, and so disorder of the IgE-Fc carbohydrate may be caused by complex formation, and occur also in IgE.
Nature of the IgE-receptor interface
Only the Cε3 domains of IgE make direct contact with the receptor, through subsites 1 (Cε3A) and 2 (Cε3B) (Fig. 1a) . The former contacts the C-C′ loop region of the receptor α2 domain, whereas the latter interacts with the linker region between α1 and α2 and the B-C and F-G loops of α2, as in the earlier Fcε3-4-sFcεRIα structure 14 . Given their effect on the binding kinetics, it is notable that there is no direct contact between the Cε2 domains and the receptor. On the basis of our earlier report of an interaction in solution by NMR 10 , we have suggested that unbending of the IgE might allow such contact 13 . In fact, the conformational change involving the Cε2 domains enhances contact between the two proteins but indirectly. Superposition of the structures of IgE-Fc and Fcε3-4 receptor complex shows that relative to the receptor, the two IgE fragments differ by a rotation of ~5° (Supplementary Fig. 3 ), leading to tighter contact and many more van der Waals interactions in the IgE-Fc complex. This difference in the angle of engagement seems to be caused by the immediate proximity of the Cε2 domains, which affects the conformations of the linker from Cε2 leading into strand A and the adjacent B-C and F-G loops of Cε3. These regions present the contact residues, and thus the Cε2 domains have an indirect role in enhancing receptor binding. Subsite 1 on Cε3A includes two salt bridges between IgE-Fc and receptor (Arg334-Glu132 and Asp362-Lys117; Fig. 3a) and the former forms a closer interaction and an additional hydrogen bond in the IgE-Fc complex than in the Fcε3-4 complex. Tyr129 and Trp130 (Fig. 3a) also form closer and more extensive contacts in the IgE-Fc complex. (The electron density in this region is shown in Supplementary Fig. 4a .) The dominant feature of subsite 2 on Cε3B, and one that contributes a substantial fraction of the buried hydrophobic surface area, is the 'proline sandwich,' in which Pro426 of Cε3B packs between Trp87 and Trp110 of the receptor α2 domain (Fig. 3b) , a feature conserved in IgG-FcγR interactions. However, there is a notable difference in the present structure: the orientation of the Trp87 side chain in the IgE-Fc-receptor complex is 'flipped' by precisely 180° compared with the Fcε3-4-receptor complex (and both of the known IgG1-Fc-FcγRIII complexes 19, 20 ) , and its six-membered ring, rather than the five-membered ring, thus contributes additional van der Waals contacts to the proline sandwich (Fig. 3b) . Both Trp87 rotamers have been observed in free receptor structures 16, 17 , and IgE-Fc may initially 'sample' both conformations, but the electron density (Supplementary Fig. 4b) indicates only a single conformation in the complex. Two other tryptophan residues in the receptor α2 domain (Trp113 and Trp156) contribute to the hydrophobic interaction and also make tighter contacts with IgE-Fc than Fcε3-4; Trp156, for example, makes 14 rather than 5 van der Waals contacts. Overall, the interaction is dominated by hydrophobic interactions, and the total buried surface area of interaction is 1,840 Å 2 (subsite 1, 930 Å 2 ; subsite 2, 910 Å 2 ).
Thermodynamics of the interaction and role of C«2 domains
The presence of the Cε2 domains thus indirectly enhances stabilization of the bound complex, and this is supported by kinetic data showing that their effect is principally to decrease the dissociation rate 10 . We also investigated the thermodynamics of the interaction with and without the Cε2 domains, and found another marked difference that further clarifies their role in the mechanism of binding. We determined the temperature dependence of the binding kinetics and equilibrium binding affinities by surface plasmon resonance (SPR; Fig. 4 and Supplementary Figs. 5 and 6) , from which we derived thermodynamic parameters ( Table 2) for IgE-Fc and Fcε3-4 binding to both wild-type receptor and a point mutant designed to assess the contribution of Trp87, part of the proline sandwich in subsite 2 described above. The differences between the temperature dependence of the IgE-Fc and Fcε3-4 traces and the gradients of the van't Hoff plots indicate that the balance between the enthalpic and entropic contributions to the free energies of interaction depends on whether the Cε2 domains are present. Whereas formation of the Fcε3-4-sFcεRIα a b One might expect that the strongly hydrophobic nature of the IgEFc-FcεRIα interface would lead to a large and favorable (solvent) entropic contribution to the free energy of interaction, as we observed with wild-type receptor. When we measured the binding of IgE-Fc to the W87D receptor mutant, the T∆S term fell from +51.0 kJ mol −1 to +38.4 kJ mol −1 (with an even larger reduction for Fcε3-4 binding), consistent with this interpretation. The disruption of this key hydrophobic interaction leads to greatly destabilized complexes; the W87D receptor mutant with Fcε3-4 has kinetic rate constants that are more typical of IgG-receptor interactions 4 , and demonstrates the contribution that a single residue can make to an interaction. However, hydrophobicity differences cannot explain the effect of the Cε2 domains on the thermodynamics of the interaction, which we discuss below.
DISCUSSION
The discovery that the bend in the IgE molecule is even more pronounced in the complex is consistent with the original FRET studies reporting increased rigidity of a chimeric murine IgE upon receptor binding 11 . This conformation orients the Fab arms of IgE away from the cell surface ( Fig. 1) and, although there is some uncertainty in the orientation of the two extracellular receptor domains, this might place structural constraints on the ability of IgE to recognize and be cross-linked by particular allergens and their epitopes. An acutely bent structure must also impose restrictions on allergen recognition by the membrane-anchored form of IgE (mIgE) expressed on B cells, if the Fab arms are in that case oriented toward the cell surface. Recent crystal structures of allergen Fab complexes have provided some initial insights into this issue [21] [22] [23] [24] [25] : a feature of two of these complexes is the dimeric nature of the allergen 23, 24 , which exhibits the epitopes in a defined (dyad-related) manner. Indeed, dimerization may be critical for allergens with a single epitope specificity to promote crosslinking 23, 24, 26 , and epitope location together with the orientation of the IgE Fab relative to each allergen monomer may determine whether it can be recognized by mIgE or trigger mast cells sensitized with receptor-bound IgE. A key question in our structural understanding of IgE-Fc and Fab-allergen complexes is the degree of Fab flexibility relative to Fc in the IgE molecule; currently only limited information is available about the segmental flexibility of IgE through FRET 11 or EM 27 studies.
The adoption of this more acutely bent IgE structure does not lead to any direct receptor contact with either Cε2 domain. How, therefore, do the Cε2 domains influence the kinetics of the interaction? Their effect is seen in the slower off-rates for IgE-Fc (Fcε2-4) compared with Fcε3-4 (Fig. 4) , which are even more marked for the W87D mutant, and the notably different temperature dependences and derived thermodynamic parameters ( Table 2) . IgE-Fc binding is exclusively driven by a large entropic component, in contrast to the enthalpically driven Fcε3-4; this provides a clue to the stabilizing contribution of the Cε2 domains.
The Cε3 domain in isolation adopts a partially unfolded 'molten globule' state 28, 29 and becomes more structured upon receptor binding 29 . In the context of IgE-Fc, Cε3 is more sensitive than Cε2 to thermal denaturation (refs. 30,31) and becomes more resistant to thermal denaturation when bound to receptor 31 . This loss of conformational entropy of the two Cε3 domains will be considerable for the Fcε3-4 fragment, which lacks any stabilizing interactions of the Cε2 domains packing against them in the bent IgE structure; indeed, the several crystal structures of Fcε3-4 show substantial conformational flexibility 32, 33 . This large entropic penalty upon binding counteracts the favorable (solvent) entropic contribution from the hydrophobic nature of the interaction, leading to the much smaller net entropic term for Fcε3-4 (T∆S = +11.0 kJ mol −1 ) than for IgE-Fc (T∆S = +51.0 kJ mol −1 ). Table 2 . Derived from the data presented in Figure 4 . WT, wild type. The full benefit of the hydrophobic interaction can thus be achieved. The kinetic and thermodynamic parameters for IgE binding to FcεRIα are very similar to those of IgE-Fc (also derived by SPR; data not shown), and thus the Cε2 domains have the same ordering role in the intact antibody. IgG has no counterpart to the Cε2 domains, only the flexible hinge region, and the thermodynamics of its binding to Fc receptors 4 is more like that of Fcε3-4, enthalpically driven and with lower affinities and faster dissociation rates. The unique binding properties of IgE, high affinity and slow dissociation rate, thus result from several factors: (i) the IgE-FcεRI interface contains a greater fraction of buried hydrophobic surface area than that of the structurally homologous IgG-FcγR interactions 34 , and other differences in detail between the interfaces may also contribute; (ii) the Cε2 domains are part of a conformational change in the IgE-Fc that involves movement of three of the six domains relative to the other three, making new interdomain contacts while breaking others, whereas the conformational change in IgG-Fc involves only the loosely tethered Cγ2 domains moving apart; (iii) the presence of the Cε2 domains leads to a closer engagement with the receptor of the Cε3 domains in IgE-Fc (with the formation of more van der Waals interactions and hydrogen bonds compared with Fcε3-4); and (iv) the Cε2 domains stabilize the interacting Cε3 domains and give rise to a bent and less flexible antibody molecule than IgG, thus reducing the entropic penalty of binding through these intrinsically less-ordered domains. All these factors together contribute to creating a larger energy barrier against dissociation, and thus a slower off-rate for IgE compared with IgG. It is notable that the Cε2 domains, with no direct receptor contact, contribute so markedly to the defining functional characteristics of the IgE molecule.
a r t i c l e s
Knowledge of these structures and their conformational changes offers a basis for the design of small-molecule inhibitors to target this extensive, high-affinity protein-protein interaction. Earlier studies with receptor-derived peptides 35 or IgE-Fc, including the intact Cε3 domain 36 , show inhibition by direct blocking with K i values in the micromolar range, but none of these have been developed into a small, nonpeptide analog. However, there are several locations in IgE-Fc at which the binding of a small molecule might prevent the conformational change, access to both subsites and the formation of a long-lived, stable complex. One example has already been highlighted (Fig. 2) ; a small molecule bound in the cleft between the Cε2B and Cε3B domains in free IgE could 'lock' the antibody in a conformation incapable of fully engaging the receptor using both subsites. We have previously determined the affinity for receptor binding to a single Cε3 domain in the context of an Fcε3-4 fragment and found that this was reduced by at least three orders of magnitude (K a ≈ 10 6 M −1 ), owing principally to a faster off-rate 37 . An attenuation of two orders of magnitude in the affinity of IgE binding, again with a faster off-rate, leads to a 75% reduction of passive cutaneous anaphylaxis in vivo in a transgenic mouse model 38 , and thus partial inhibition can achieve a physiological effect. An allosteric approach may be the key to inhibiting this protein-protein interaction, and could herald a new generation of anti-IgE therapeutics for intervention in allergic disease.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. Accession codes. Protein Data Bank: Coordinates and structure factors have been deposited with accession codes 2WQR (IgE-Fc) and 2Y7Q (complex).
